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is determined by a maximum level of Ca21 in the sarcoplasmic reticulum, above which spontaneous release occurs. 2) Sr2+ (10 mM) caused an increase of force to 1.3xF,, and lengthening of contraction and action potentials. The force-sarcomere length relation was, then, similar to that in skinned fibers at maximum activation. Hence, 1.3xFm,,,, reflects saturation of the sarcomeres. We postulate that a large influx of Sr2`during the long action potential can circumvent the reticulum and activate the sarcomeres directly. When the reticulum was blocked with ryanodine, maximum force of tetanic contractions was about 1.1 XFm... This result supports the above conclusions. 3) Isoproterenol increased force to a maximum that was 20%o below Fm.. and shortened the contraction. This may be due to a decreased sensitivity of the sarcomeres to Ca2+ or to stimulation of the Ca2' pump in the reticulum, that is, an increasing fraction of the released Ca21 is sequestered before it can activate the sarcomeres. Thus, three factors that limit force production were identified, depending on the inotropic stimulus. (Circulation Research 1990;67:913-922) F orce of contraction in heart muscle can be increased by a number of drugs, ions, and stimulus patterns. Naturally, the ultimate maximum force is reached when the contractile filaments are saturated with Ca2' and work at maximum capacity. So far, there is no evidence, however, that this condition occurs in normal, intact heart muscle. On the contrary, indications are that force of con-traction in fully activated skinned heart muscle is about 30% greater than maximum force in fibers with intact sarcolemma.1,2 Hence, there may be a limiting factor that prevents full activation of the sarcomeres in intact heart muscle. Because the sarcoplasmic reticulum is the main source of activator Ca2 , maximum force may be determined by the maximum capacity of the reticulum to store and release Ca2+. It has been suggested that once Ca21 in the reticulum exceeds a certain level, spontaneous release occurs, [3] [4] [5] and this may curtail the maximum inotropic effect of an intervention. 6 We observed earlier7 that force in intact trabeculae of rat heart at high [Si`+]1 was 30% greater than at high [Ca2]0. Thus, maximum force may be limited by a Ca2+-dependent mechanism that is abolished or circumvented by Sr2'. We tested this hypothesis by measuring the maximum effect of various interventions in intact trabeculae. We used laser diffraction to measure sarcomere length and microelectrodes to measure membrane potential, that is, methods that give information about organelle activity while having no influence on their properties.
Materials and Methods Details of the preparation and methods have been described earlier.89 In brief, long (2.5-4-mm) and thin (0.05-0.15-mm) free-running trabeculae were dissected from the right ventricle of rat heart and suspended in a 0.5-ml chamber between a force transducer (type AE801, Mikro-Elektronikk, Horten, Norway) and a length adjustment device. The muscle was stretched to a length at which passive force was about 2% of the active force at 2.5 mM [Ca2+]0 and stimulated at 1 Hz for 1 hour before the experiment was begun.
The composition of standard solution was (in mM): NaCl 120, KCl 5, MgCl2 1.2, CaCl2 1.0, NaH2PO4 2, Na2SO4 1.2, NaHCO3 27, and glucose 10. The solution was recirculated via a 0.5-1 reservoir in which it was gassed with 95% 02 and 5% C02; Po2 was 590-650 mm Hg, Pco2 was 39-45 mm Hg, and pH was 7. 35-7.45 . Flow through the muscle chamber was 10 ml/ min, and temperature was 27±0.30 C. The calcium and strontium concentrations in the superfusion solution ([Ca21]0 and [Sr`9]0) were varied by adding amounts of 1 M stock solutions of the chloride salts to standard or Ca2+-free solution. Low [Na+]0 was obtained by substitution of 15-90 mM NaCl by mM LiCl. In experiments with isoproterenol, a calibrated syringe and infuser pump were used to inject the drug into the Tyrode's solution just before the inlet of the muscle bath to prevent time-dependent effects of oxidation. The Tyrode's solution was not recirculated during the isoproterenol experiments.
Ryanodine-treated muscles were used to study tetanic contractions at high [Ca21] . To prevent precipitation, NaHCO3 and NaH2PO4 were replaced with 20 mM NaCl and 10 mM HEPES. The pH was adjusted with NaOH. The solutions were equilibrated with 100% 02. Contractures were induced with Tyrode's solution with the following modifications: 60-120 mM NaCl was replaced by LiCl, [KCl]0 was increased to 20 mM, and 10 mM caffeine was added. Sarcomere length was measured with laser diffraction, as described earlier. 8 Briefly, the parallel sarcomeres act as an optical grating, and the incident laser beam is split into a zero-and multiple higherorder bands. The spacing between the bands is a measure of sarcomere length. The first-order band was scanned twice per millisecond by a photodiode array. Sarcomere length was computed electronically from the scans. Calibration was performed with test gratings before each experiment.
Transmembrane potential was measured by means of flexible glass microelectrodes. The resistance of the electrodes (filled with 3 M KCl) was 60-100 MQ, as measured in the muscle chamber.
Stimulus pulses of 3-msec duration and 20% above threshold strength were derived from a programmable pulse generator via a stimulus isolator and two platinum wire electrodes. The frequency of stimulation was 0.2 Hz during all experiments; however, postextrasystolic potentiation was induced by interposing trains of 1-100 intervals of 0.25 second (see Figure 1 ).
Results

Influence of [Ca2"/0
To determine the peak force-[Ca2+]0 relation, the [Ca2] . was first reduced to 0.3 mM and subsequently increased in several steps, at intervals of 5 minutes, to a final concentration of 5-10 mM. The result was a sigmoid relation, and maximum force (Fm.) occurred at about 3 mM. Above 3 mM, force declined (e.g., Figures 2, 4, and 8) and aftercontractions were observed. F.. determined at optimum [Ca2,]0 was used as a reference; that is, the maximum effects of all other interventions were compared with that value.
Postextrasystolic Potentiation
The optimum interval to induce postextrasystolic potentiation in rat myocardium is 0.25 second,7 and short trains of 0.25-second intervals in low [Ca2,]0 potentiated force severalfold until a maximum effect, which is indicated as "saturation" (Figure 1 ). The figure also shows that increasing the number of extrasystoles above the optimum caused a small decrease of peak force. The latter effect was associated with aftercontractions. The number of extrasystoles that caused saturation decreased with increasing [Ca2+]l ( Figure 1 ).
It should be noted that aftercontractions were well visible through the microscope but generally not in the record of force. This follows from the fact that the aftercontraction was a propagated wave. Thus, at a given moment only a small fraction of the muscle contracted; the rest was passively stretched. Hence, external force was negligible.4,5
We tested whether saturation corresponded with a unique, maximum value of force or varied with [Ca21]0 or steady-state force. The procedure shown in Figure  1 was used to determine maximum potentiation, and Figure 2 demonstrates that, except for a few points at very low steady-state force and [Ca2,]0, the maximally potentiated beats were within a few percent of F.., that is, independent of steady-state force and Figure 4C ).
In each preparation we first determined Fma. by ]. always lengthened the action potential, also at optimum [Ca2+]1 ( Figure 4C ). [Ca21]I), TEA enhanced force to a maximum of (0.96±0.07)xFmax (n=3). The optimum concentration was 5-10 mM; at higher concentrations force declined and aftercontractions were observed. Action potential duration continued to increase with
Influence of Tetraethylammonium
[TEA]0. In the presence of 2.5 mM [Ca2,]0, when force was already close to Fm., TEA induced only a small increase in force, or a decrease ( Figure 
Influence of Isoproterenol
Commonly observed effects of a-receptor agonists are enhanced force, shortened twitch duration, and lengthened action potential duration. [14] [15] [16] We found the same effects in the rat trabeculae. In the experiments with this drug we first determined Fmax by variation of [Ca2`]0 and postextrasystolic potentiation. Subsequently, an isoproterenol dose-response relation was measured in control solution. Above the threshold concentration of 10 nM, peak force began to increase and maximum force was found at about 1 ,uM. This maximum was consistently about 20% below Fmax obtained with postextrasystolic potentiation or optimum [Ca2+]0 (eight preparations). In three preparations we measured maximum postextrasystolic potentiation at different concentrations of isoproterenol (for the method, see Figure 1 ). Although potentiation after a single extrasystole was enhanced by low concentrations of the drug, peak force of the maximally potentiated beats decreased ( Figure 6 ). Above 0.5 -1 ,M isoproterenol force was constant, but action potential duration continued to increase, which indicates that the }3-receptors were not yet saturated.
Influence of Ryanodine and Caffeine
Application of 5 ,uM ryanodine reduced steadystate force (at 1 mM [Ca2+]0, 0.2 Hz) to 5% and completely abolished postextrasystolic potentiation. These effects are consistent with the general assumption that this drug abolishes the sarcoplasmic reticulum as a functional Ca21 store. [17] [18] [19] Rapid stimulation induced tetanic contractions that peaked within a few seconds and then decreased. The most effective frequency was 6-8 Hz, at which the amplitude of the tetanus was greater than that of single twitches (0. HEPES-buffered solution (1 mM [Ca2+]0 in both), a transient increase in force was observed that lasted about 15 minutes and was followed by a decrease in force to a lower level. An example of tetanic contractions after ryanodine treatment is shown in Figure 7 .
In four of five preparations, the maximum tetanic force at 8-15 mM Ca2' was greater than Fma, and the average was (1.10+0.17)XFma, (n=5). It should also be noted that diastolic force was 11±8% of Fmax in ryanodine-treated muscles at 8 mM Ca2 , whereas diastolic force induced by the other interventions never exceeded 2%. Caffeine (5-10 mM) reduced force to 50% and abolished postextrasystolic potentiation, which is consistent with the hypothesis that caffeine inhibits reticulum function. [19] [20] [21] The action potential was lengthened by about 100%, probably as a result of intracellular cyclic AMP accumulation and cyclic AMP-induced enhancement of the inward Ca2+ cur- and maximum potentiation were measured 3 minutes after each increment of [isoproterenoll, For the protocol to measure maximum potentiation, see Figure 4 . Each pair of symbols represents one trabecula. rent (IC,').22 During rapid stimulation, a tetanic contraction with variable amplitude developed in the presence of caffeine, and without electrical stimulation a large contracture developed when the muscle was superfused with a caffeine solution at a low [Na'lo and high [K'].. The amplitude of these contractures was rather variable, (0.95 +. 0.21) x Fm,, (n = 5). Influence of SrS trontium was of special interest because we found earlier7that it could enhance peak force substantially above F..Xl Because replacement of all extracellular Ca2' by Sr2' led to rapid deterioration of the muscle (irreversible depolarization and visible changes in cell structure), we tested the eiTect of Sr`in standard solution (1 mM [Ca211.) . As shown in Figure 8 (open symbols), 1-5 mM [Sr"]. was less effective than Ca 21 to increase force, but at higher concentrations force reached a plateau that was 20-40% greater than F.. obtained with postextrasystolic potentiation or high [Ca211. in the absence of Sr'.
Besides an increase of peak force, addition of Ca.' to control solution also led to increase of contraction duration (+30% at 3 mM CJ+) and shortening of the action potential (-25% at 3 MM Ca21).7 When we added Sr`instead of Ca, the prolongation of the contraction (+150%) was more pronounced, and the action potential was prolonged (+200%) ( Figure 9A ). As a consequence of this slow relaxation, rapid stimulation caused fusion and summation of contractions. At
10-19 mM [Sr`10. 4 Hz stimulation induced a tetanic
contraction that never exceeded the amplitude of single twitches and was followed by a series of aftercontractions ( Figure 9B ). Such tetanic contractions did not [Ca2']0 was 1 mM in both solutions. The trabecula was exposed to S gM ryanodine for 20 minutes, and after that tetanic contractions were induced with 6 Hz stimulation for 10 seconds at increasing [Ca2+]0 (right panels). F/Fmn,cn peak force. F.,, maximum force at optimum [Ca2o]0.
A X shortened to about 1.9 ,um at the expense of stretch in the damaged ends, as reported earlier.8 Every 10th beat, muscle length was changed for one beat so that active sarcomere length at the moment of peak contraction varied from 1.6 to 2.2 gm. In between the test beats the muscle was held at control length. At 0.8 mM [Ca2+]1, force increased in a linear fashion with sarcomere length (triangles in Figure 10 ). At 2.5 mM the relation was nonlinear (circles in Figure 10 ), and at 5 mM a similar curve was obtained, but force was smaller than at 2.5 mM at any sarcomere length (solid triangles in Figure 10 ), which is consistent with Figures 2 and 8 . At 9-19 mM [Sr`]0 (1 mM [Ca2]0 present), however, peak force increased to values well above those measured at optimum [Ca2+]0, and as shown in Figure 10 , the effect of Sr2`was greatest at short sarcomere length. Thus, the force-sarcomere length curve at high [Sr`]0 is remarkably similar to membrane potential +19 mM Sr It should be noted that at a sarcomere length above 2.2 gm and below 1.8 ,gm, passive elastic forces occur, which contribute to the externally measured force. At slack length (about 1.9 gm) the passive forces cancel each other. 23, 24 In our experiments, the sarcomere length at peak contraction was about 1.9 ,um, so that passive forces can be ignored and external force was equal to the active force generated by the sarcomeres. Peak force of contraction is assumed to be proportional to the amount of activator Ca2' available in the sarcoplasm. This amount is determined mainly by transport mechanisms in the sarcolemma (Ica, Na+/ Ca2' exchange) and in the sarcoplasmic reticulum (Ca2' release channels, Ca21 pump). On the time scale of a contraction, the role of the mitochondria and of the Ca21 pump in the sarcolemma is probably minor.15,25-27 Thus, the limiting factors are expected to be located in the sarcolemma, the sarcoplasmic reticulum, or the contractile filaments.
Sarcolemma
The primary effects of increased [Ca21]0, K' depolarization, TEA, and reduced [Na+]0 are at the level of the sarcolemma: High [Ca21]0 enhances Ca21 influx via ICa18,28 and via the Na+/Ca2' exchanger.'0"11 The ensuing rise in intracellular Ca2 , probably stored in the sarcoplasmic reticulum, explains the observed enhancement of peak force. Low [Na+]l and K' depolarization inhibit Ca2' extrusion via NaW/Ca21 exchange.'0"11 Low [Na+]o may influence the intracellular pH via the Na+/H+ exchanger, but since [Na+]o was reduced by only 10-60% and Li+ was the substitute, the effect on pHi is expected to be negligible.29 '30 Finally, TEA blocks the K' outward currents, Ito and K'12"13 that are prominent in rat heart and responsible for the short duration of the action potential. Therefore, TEA lengthened the action potential and presumably allowed for a longerlasting, and hence a greater total, influx of Ca2', which explains the associated increase in peak force. It is remarkable that despite their different mode of action, all interventions at the level of the sarcolemma led to approximately the same (within+±5%) maximum force (Figures 3-5 ). Furthermore, in the case of high [Ca21]0 and low [Na+]0 the action potential was slightly shortened,79 whereas action potential duration continued to increase even when peak force declined with further addition of K' or TEA (Figures 4 and 5) . Thus, it appears that the Fma, was not related to action potential duration and was almost independent of the type of intervention on the Na+ICa2' exchanger (influx facilitation with high [Ca2+]1, inhibition of efflux with low [Na+]o). It is concluded that mechanisms in the sarcolemma (i.e., the action potential, Ica, and Na+ICa2' exchange) may be responsible for the ±5% variation in Fm.,.
Apparently, the main limiting factor is in a later step in excitation-contraction coupling.
Sarcoplasmic Reticulum
Postextrasystolic potentiation. A simple method to test the capacity of the reticulum is postextrasystolic potentiation. The current explanation for this phenomonon is as follows15,31,32: Recovery of the release mechanism in the reticulum is slow, and therefore, an extra stimulus after a very short interval elicits the release of only a small amount of Ca2+, and the extrasystole is small. The influx of Ca21 via ICa, however, is enhanced during the extrasystole.7,33 This combination of reduced release and enhanced influx causes accumulation of extra Ca21 in the reticulum and potentiation of the next beat after a normal interval. Thus, maximum potentiation is probably a good indicator for the capacity of the reticulum to accumulate Ca2+. The maximum force obtained with this method was remarkably similar to that obtained with optimum [Ca2+]l, [Na+]0, [K]10, and [TEA]O . Hence, in all four cases the limiting factor was probably the capacity of the reticulum, or as proposed previously,4,6 spontaneous release occurs when the accumulated Ca2' exceeds a certain level. Because replenishment of the releasable Ca2' store takes time, the amplitude of stimulated contractions is reduced by the preceding spontaneous releases. In accordance with this hypothesis, aftercontractions ( Figure 3 ) and a decline in force (Figures 2-5 ) occurred at supramaximal Ca21 loading.
Influence of Sr2'. Sr21 can replace Ca21 in at least two mechanisms. First, Sr21 serves as a charge carrier for the current through the Ca21 channels in the sarcolemma (ICa) but slows the inactivation of this current.18,28,34 This explains the prolonged action potential ( Figure 9A ). Second, Sr2+ is a potent activator of sarcomere contraction,3536 with the same affinity for the contractile system as Ca2+37which in combination with the prolonged action potential explains enhanced force. On the other hand, there is evidence that Sr21 is not stored in the sarcoplasmic reticulum. First, when external Ca21 was replaced by Sr2+, peak force was delayed and relaxation was slowed ( Figure 9A ). Such slow contractions may occur under various conditions and indicate that part of the contraction is due to direct activation by Sr21 (or Ca2+) influx and not to release from the sarcoplasmic reticulum. 25, 27, 38 Furthermore, ryanodine, which inhibits Ca2' channels in the sarcoplasmic reticulum, greatly reduces contraction in the presence of Ca2+ but not when Ca2+ has been replaced by Sr2+.18,39 Thus, there is reason to assume that Sr2+ is not transported by the sarcoplasmic reticulum and that, in the presence of 1 mM Ca2+, activation of the sarcomeres occurs via two parallel paths: release of Ca21 from the sarcoplasmic reticulum and influx of Sr2+ from the extracellular space. It should be noted that Sr2+ did not block Ca2+ transport by the sarcoplasmic reticulum, since the early component of contraction was not abolished, and rapid stimulation induced aftercontractions ( Figure 9B ).
We conclude that Fmaxis determined by the capacity of the sarcoplasmic reticulum, and force can exceed Fmax (Figures 8 and 10 ) because Sr2`circumvents this limiting factor. Caffeine and ryanodine. These two drugs caused slowing of twitch relaxation and abolished postextrasystolic potentiation, indicating that the reticulum was effectively abolished as a functional Ca2' store.
Caffeine, however, has multiple effects, and recent reports suggest that it may affect the sensitivity of the sarcomeres to Cal±. 19, 21 The variable amplitude of contractures and tetanic contractions obtained with caffeine (see "Results") may be related to the complexity of the effects and precludes firm conclusions in the present context.
Ryanodine suppresses reticulum function in a much more selective way than caffeine does.181940 Therefore, after ryanodine treatment, activation of the sarcomeres presumably depends entirely on Ca21 influx from the extracellular space. The slow relaxation causes summation of contractions (tetanic contractions) at high frequencies of stimulation and [Ca2+]0, which is expected to lead to saturation of the sarcomeres. 40 Our results partly support this idea. In HEPES-buffered solution with 8-12 mM [Ca21] , maximum force of tetani was (1.1+0.17) xFm,, that is, greater than the maximum effect of various other interventions (e.g., Figure 7 ) but some 20% lower than the maximum at high [Sr'],j in bicarbonatebuffered solution. Two types of complications may be mentioned. 1) The transition to HEPES-containing solution led to a transient increase in force, which was presumably due to a transient increase in pHi and the associated increase in the sensitivity of the sarcomeres to Ca2+.41 Steady-state pHi was probably normal, however, and tests with [Ca2+]0 and postextrasystolic potentiation showed that Fmax was unchanged (Figure 7) . 2) Ryanodine-treated muscles always developed substantial diastolic force, which may have imposed an extra load on energy metabolism and caused accumulation of metabolites and acidosis. Furthermore, the continuous elevation of intracellular [Ca2+] probably inactivates ICa. This second group of complications is supported by the observations that the tetanic contraction reached a peak within a few seconds and then decreased, and in one preparation a steep increase in diastolic force at 12 mM [Ca2+]0 was accompanied by a decrease in the amplitude of the tetanic contraction. Nevertheless, the ryanodine results support our hypothesis that force can exceed Fm if the reticulum is abolished as a limiting factor.
Isoproterenol Figure 6 ). Nevertheless, the enhanced relaxation of both force and intracellular Ca24 transient suggests a prominent role of enhanced sequestration by the reticulum in the reduction of maximum force.
Caffeine may affect both properties of the sarcomeres: it increases the affinity but reduces maximum force at saturating levels of Ca2+.19,21 These complications, in addition to the effects on reticulum function, may explain the variability of the caffeine results but render the interpretation difficult.
Ryanodine has no direct influence on the sarcomeres so that its primary effect mainly, or exclusively, concerns abolition of the reticulum as a limiting step in Ca24 availability. Thus, maximum force in ryanodine-treated muscles may reflect Ca2+ saturation of unchanged sarcomeres. As argued above, the extreme rate of energy turnover during the tetanic contractions, however, may have caused intracellular acidosis and inorganic phosphate accumulation, which is known to depress force production.45'46 This might have influenced the results, although we used thin trabeculae in which diffusion of metabolites is normally adequate.47 As a consequence, tetanic con-tractions may lead to underestimation of force in maximally activated sarcomeres. Force-sarcomere length relations. The forcesarcomere length relations in Figure 10 at different [Ca2"]os are similar to those reported by ter Keurs et a18 and Gordon and Pollack.23 It has been proposed earlier that Fmaxin intact myocardium corresponds to some 70% saturation of the sarcomeres because greater force could be induced in skinned myocytes' and skinned trabeculae2 of rat heart. According to percentages, the difference in maximum force between skinned and intact preparations increased at shorter sarcomere lengths, and Figure 10 shows the same: in the presence of Sr2 , maximum force increased by 15% at 2.2 gm and by more than 100% at 1.6 ,m. This obviates the possible criticism that the greater force in skinned preparations could be an artifact of the skinning procedure and supports Fabiato's' hypothesis that under "normal" conditions saturation of the sarcomeres does not occur in intact preparations. The exception is that abolition of the reticulum as a limiting factor apparently does allow for full activation of the sarcomeres, the ultimate limit of force production. It should be noted that saturation with Sr24 caused 10% greater force in skinned fibers than did saturation with Ca24. 35 We conclude that maximum Ca24-activated force is between the values obtained with ryanodine and Sr24, that is, between 1.1 and 1.3 of Fmax.
In conclusion, F.. obtained at optimum [Ca24]0,
[Na+]0, [K+]10 [TEA] ., and postextrasystolic potentiation was shown to depend mainly on the capacity of the reticulum to store Ca24. Maximum activation of the sarcomeres was possible when the reticulum was abolished as a limiting factor with high [Sr2+]0 and ryanodine. The force-sarcomere length relation was then similar to that in skinned fibers at maximal Ca2+ activation. The isoproterenol results su gest that a reduced affinity of the sarcomeres to Ca + and rapid uptake of Ca24 by the reticulum decreased the contractile response to the maximum amount of released Ca24.
